reservoir; (2) while the basic processes of melt generation likely did not change significantly between pre-and postcaldera rhyolites, post-caldera zircons show increased trace element and isotopic heterogeneity that suggests a decrease in the degree of interconnectedness of the liquid within the reservoir following collapse; and (3) post-caldera eruptions from different vents indicate different storage times of the amalgamated melt prior to eruption. These data further suggest that the timescales needed to generate large volumes of eruptible melt may depend on the timescales needed to increase interconnectedness and achieve widespread homogenization throughout the reservoir.
Introduction
Silicic volcanic centers are responsible for producing the largest volcanic eruptions on earth, including catastrophic, caldera-forming 'supereruptions' (>500-1000 km 3 , e.g., Miller and Wark 2008; Self 2006) . Understanding changes in the processes of magma generation and storage that occur before, during, and after large caldera-forming eruptions has important implications for volcanic hazards and for the development and differentiation of the upper continental crust. Changes in eruptive products and/or eruptive activity following caldera collapse have been observed at centers such as the Taupo Volcanic Zone, NZ, Yellowstone, WY, and Long Valley, CA (e.g., Hildreth et al. 1991; Hildreth 2004; Simon et al. 2014) , including the introduction of chemically and/or isotopically distinct new melts and changes in eruptive frequency. In some cases, these changes have been attributed to post-collapse 'reorganization' of the 4 Page 2 of 18 system (e.g., Bachmann et al. 2011; Gelman et al. 2013; Klemetti et al. 2011; Shane et al. 2005) . The mechanisms and timescales of changing storage conditions are, however, poorly understood. Some interpretations call upon the influx of primitive melt following the evacuation of a reservoir to explain changes in subsequent melt compositions (e.g., Sutton et al. 2000) , but the degree to which this process is widespread is unknown.
Zircon, a common accessory mineral, is a powerful tool for understanding magmatic systems because it often records a protracted (10-100 s of kyr) history prior to eruption (e.g., Reid 2003; Cooper and Reid 2008; Schmitt 2011; Cooper 2015 , and references therein) and because trace element and isotopic compositions of zircon can be coupled with absolute ages in order to reconstruct temporal changes in magma chemistry. For example, recent studies have used combinations of 238 U-230 Th age data together with trace element and/or Hf or O isotopic data within single zircon crystals to trace the origin and evolution of melts over time and space within a reservoir (e.g., Bindeman and Simakin 2014; Klemetti et al. 2011; Klemetti and Clynne 2014; Reid et al. 2011; Stelten and Cooper 2012 , Stelten et al. 2013 , 2015 Storm et al. 2011 Storm et al. , 2012 Storm et al. , 2014 . In particular, combining multiple analytical techniques in a single study can yield unprecedented insights into the development of silicic reservoirs (e.g., Stelten et al. 2013 Stelten et al. , 2015 . In order to assess changes in magmatic processes over time, and specifically those occurring after a caldera-forming eruption, we present whole-rock Hf isotopic data combined with in situ 238 U- 230 Th age, trace element, and Hf isotopic data measured in single zircon crystals from four eruptions from the Okataina Volcanic Center (OVC) within the Taupo Volcanic Zone (TVZ) in New Zealand: the caldera-forming Rotoiti eruption (45 ka; Danišík et al. 2012) , and the subsequent Te Rere (25 ka), Whakatane (4.8 ka) and Kaharoa (0.7 ka) rhyolites (ages from Smith et al. 2005) .
Changes in trace element concentrations and ratios in zircons from post-4-ka eruptions suggest that following the Rotoiti eruption, the OVC magma reservoir was reorganized and was intruded by hotter, less-evolved magmas (e.g., Klemetti et al. 2011; Storm et al. 2014) . However, equilibrium trace element partitioning in zircon is poorly understood, and variations in trace elements can also be caused by disequilibrium growth and/or other factors beyond changing melt composition (e.g., Burnham and Berry 2012; Watson 1996; Watson and Liang 1995; Watson and Müller 2009) . Isotopic compositions, in contrast, are not measurably affected by such processes, making them particularly useful for fingerprinting distinct magmatic sources and for deconvolving the effects of changes in melt composition from changes in other conditions affecting trace element partitioning in zircon. We present Hf isotopic data from whole-rock samples and zircons in conjunction with trace element and 238 U-230 Th age data from zircons to track changes in isotopic and chemical heterogeneity following the 45-ka Rotoiti eruption. We observe a change in the variability of zircon isotopic and trace element compositions after the Rotoiti eruption, which is not reflected in whole-rock compositions. These data are consistent with a model of changing conditions of storage and melt generation at the OVC rather than changes in recharge magma amount or type. We suggest that this change in reservoir dynamics has resulted in more limited interconnectedness of melts and, therefore, increased geochemical heterogeneity of the reservoir following caldera collapse. Although previous studies of the TVZ have drawn conclusions about the evolution of the reservoir based on zircon age and trace element data (e.g., Klemetti et al. 2011; Storm et al. 2014 ), our addition of new isotopic data allow us to test these previous conclusions, which were based on assuming that the zircon trace element data reflect compositional changes in the melt. Furthermore, our data provide new insights into the location of mixing of magmas of different sources that contribute to these rhyolites. Additionally, by linking these data for multiple eruptions over time and space, we are able to observe differences in pre-eruptive processes and timescales both between pre-and post-caldera eruptions and between post-caldera eruptions from different vents in a single volcanic center. Our model for the evolution of the OVC thus provides insight into a pattern of changes in reservoir dynamics following caldera-forming eruptions that may be applicable to other silicic magma systems.
Geologic setting and previous work
The Taupo Volcanic Zone (TVZ), located on the North Island of New Zealand (Fig. 1) , is one of the most active volcanic centers on Earth (e.g., Smith et al. 2005 ). The TVZ is located in a rift zone created by extension related to the subduction of the Pacific plate underneath the North Island of New Zealand (e.g., Wilson et al. 1995) . Volcanism at the TVZ began at approximately 1.6 Ma (e.g., Wilson et al. 1995) . Only two of the eight observed caldera complexes in the TVZ have produced eruptions in the last 50 kyr and are thus considered to be currently active: the Okataina Volcanic Center (OVC) and Taupo Volcanic Center (TVC). The OVC first erupted ca. 550 ka and has had numerous caldera-forming eruptions. Its most recent period of volcanism was initiated after a hiatus of ~150 ka by the caldera-forming Rotoiti eruption at 45 ka (Danišík et al. 2012 ) and has been followed by at least 23 eruptions since then, most recently producing a minor basaltic eruption in 1886 A.D. .
The origin and evolution of silicic magma within the TVZ is somewhat controversial. While it is broadly accepted that the volumetrically subordinate basaltic magmatism in the TVZ is the result of variably fluxed melting of the upper mantle beneath the TVZ (Gamble et al. 1993; Rooney and Deering 2013) , the relationship between these mantle-derived basaltic magmas and the dominant rhyolites is less well-defined (Cole et al. 2014; Deering et al. 2011) . Previous studies at the TVZ using Pb-Sr-Nd-O isotopic data from whole-rock samples have proposed that rhyolite magmas are dominantly formed by fractionation from an isotopically juvenile end-member and do not assimilate more than approximately 15-25 % (at most, 40 %) of upper-crustal material during their generation (i.e., Deering et al. 2008; McCulloch et al. 1994; Rooney and Deering 2013) . It has also been hypothesized that these silicic melts spend long periods of time in a mush prior to eruption (Deering et al. 2008 Shane et al. 2008; Wilson and Charlier 2009 ). This interpretation is supported by studies of zircons from post-Rotoiti OVC rhyolites, which have suggested that rhyolitic melts were extracted from a complex, chemically heterogeneous mush in which episodes of melt generation and subsequent zircon crystallization occurred over long periods of time, in physically distinct regions of the reservoir, recording zircon ages which are not necessarily linked with specific eruptive episodes (e.g., Charlier et al. 2003; Charlier and Wilson 2010; Klemetti et al. 2011; Storm et al. 2011 Storm et al. , 2012 Shane et al. 2012; Storm et al. 2014) .
The TVZ is an ideal site to examine changes that may have occurred within a post-caldera magmatic system because its frequent eruptive activity provides the opportunity to examine several stages in the evolution of the volcanic center within the past 45 kyr. The youthfulness of its most recent eruptions also make 238 U-
230
Th dating of zircons an ideal tool for studying the OVC system. We present data from four eruptions from the OVC: the Rotoiti eruption (ca. 45 ka; erupted 120 km 3 of magma), the Te Rere eruption (25 ka; 13 km 3 ), and the two most recent rhyolitic eruptions from the OVC, the Kaharoa (0.7 ka; 5 km 3 ) and Whakatane (4.8 ka; 13 km 3 ) eruptions (Rotoiti eruption age from Danišík et al. 2012 ; all other eruption ages and volumes from Smith et al. 2005) . The Kaharoa Smith et al. (2005) and Wilson et al. (1995) 4 Page 4 of 18 rhyolite was erupted from a different linear vent zone within the OVC than the Te Rere and Whakatane rhyolites; the location of the Rotoiti vent is not well constrained (e.g., Schmitz and Smith 2004 ; Fig. 1 ). All four eruptions contain at least two compositionally distinct glasses representing melts that underwent mingling prior to and/or during eruption, suggesting that OVC rhyolites tap a complex and chemically diverse magma reservoir (Nairn et al. 2004; Kobayashi et al. 2005; Storm et al. 2011 Storm et al. , 2012 . In each of these eruptions, these compositionally distinct melts cannot be linked to each other by fractionation processes and have thus been inferred to represent physically distinct melt pods coexisting in the reservoir prior to eruption (Nairn et al. 2004; Smith et al. 2006 Smith et al. , 2010 . This paper presents the first direct comparison of the timescales of pre-eruptive processes between eruptions from these separate linear vent zones. Additionally, although previous studies of OVC rhyolites have presented datasets combining trace element and 238 U-230 Th age data within zircons (e.g., Klemetti et al. 2011; Storm et al. 2014) , no Hf isotopic data have been reported for any zircons or rocks from the TVZ (with the exception of basalts from the offshore extension of the TVZ; Todd et al. 2012 ).
Methods

Sample preparation
Although each rhyolite studied here erupted at least two mingled, compositionally distinct glasses, zircons were obtained from a single compositional unit from all rhyolites except for Kaharoa, from which zircons from multiple compositional units were analyzed. Zircons were acquired by first crushing pumice with a steel mortar and pestle and sieving to 125-to 250-and 250-to 500-µm-size fractions. We then utilized heavy liquid separation techniques to prepare a dense separate (using methylene iodide) followed by hand-picking individual zircon grains under a microscope. All zircons for a given sample were placed in a 2-mL Teflon beaker, covered with concentrated hydrofluoric acid at room temperature, and placed in an ultrasonic bath for 4-5 min to remove glass selvedges from grain exteriors. Grains were rinsed three times with DI water to remove remaining acid.
U-
230 Th age and trace element data 238 U-230 Th age and trace element data were collected using the Stanford-USGS SHRIMP-RG. Unpolished zircons were first mounted in an indium-filled trough near the center of an epoxy mount with one prismatic face of the grain mounted parallel to the surface of the mount in order to best analyze the unpolished surface of the grain (Fig. 2) . The zircons were imaged with a reflected light microscope and analyzed first for trace elements and then for 238 U-230 Th ages, followed by Hf isotopic analysis by LA-MC-ICPMS (see below). After all surface analyses were completed, zircons were removed from indium, mounted in epoxy, and polished to expose the grain interiors. Zonation within zircons was documented by obtaining reflected Hf isotopic composition (IC) data are then collected by LA-MC-ICPMS (spots are ~50 µm wide and ~25 µm deep); Hf IC spots are placed close to the tips of the crystals when possible to avoid measuring older zones in the center during these "surface" analyses. b After surface analyses, crystals are removed from indium, mounted in epoxy, and polished to expose their interiors. Spots are placed on one or more interior regions to capture data from older periods of growth. Illustration of interior "rim" spot shows that the conventional technique of "rim" analysis by placing beam close to the outside of a polished interior of a grain tends to overlap more zones of growth than do surface analyses light and cathodoluminescence images of each polished grain prior to analysis, in order to distinguish between zones of different compositions. The ion beam was then positioned on the innermost exposed region of a crystal in order to acquire trace element and age data of the oldest exposed material. Due to uncertainties in the depth of polishing, interior analyses may not represent the true 'core' of the crystal, and we therefore refer to these as 'interior' spots. Interior 'rim' data points (i.e., spots on the polished section positioned near the rim of the crystal) were also acquired when possible, though these spots are likely averages of multiple growth zones (Fig. 2) . A few crystals were lost during the processes of transferring from indium and polishing crystals, and therefore, not every grain has both surface and interior analyses.
Trace element measurements were conducted with a ~20-µm-diameter beam, using the secular equilibrium MADDER zircon standard as a calibration standard; trace element concentrations in MADDER are calibrated based on the concentrations within the zircon-standard MAD (Barth and Wooden 2010) . Errors were calculated based on the 2σ reproducibility of the MADDER standard, which was measured repeatedly throughout the analytical session. 238 U-230 Th age measurements utilized a ~40-µm spot size. Early Bishop Tuff zircon grains were run as a secular equilibrium standard to monitor the U-Th fractionation factor, which was used to correct for fractionation of U and Th during analyses of unknowns. Errors for zircon whole-rock model ages were calculated by propagating the uncertainty in the fractionation factor combined with analytical uncertainty as well as the uncertainty of the whole-rock U-series data.
Hf isotopic data
Zircon Hf IC analyses were obtained after each SHRIMP-RG session, and the laser pit was placed either directly over SHRIMP-RG trace element and age spots or near the tip of the zircon, depending on the crystal size. Some of the zircons analyzed in this study (including several from the Kaharoa T1 and T1 + 2 units) are the same grains analyzed by Klemetti et al. (2011) , and new Hf isotopic analysis spots were positioned directly atop preexisting trace element and age analytical pits. Analyses were performed with a 193-nm Excimer laser ablation system combined with the Thermo Neptune Plus multicollector ICP-MS at UC Davis. These analyses were completed using a 5-Hz pulse rate, 1.49 J/cm 2 fluence, and a 53.1-µm spot size for an approximately 50-s analysis. The depth of these analytical pits is estimated to be about 25 µm (Tollstrup et al. 2012) . Measured
176
Hf/ 177 Hf isotopic data were corrected for interferences from 176 Yb and 176 Lu. Uncertainties for unknown samples were assessed based on either the 2σ reproducibility of standards run throughout the day, or the analytical uncertainty for an individual measurement, whichever was larger. Uncertainties on a single analysis are typically ~0.5-1.5 ε Hf units (2 SD). During a given analytical session, zircon standards 91500 and synthetic MUN zircons (Fisher et al. 2011) were used as check standards in order to determine the consistency of measured 176 Hf/ 177 Hf values over a range of Yb/Hf values (to account for the high Yb/Hf of OVC zircons). All unknown data (including check standards) were normalized to the average Temora zircon standard value from an individual analytical session.
Whole-rock Hf isotopic analyses were conducted using a Nu Plasma multicollector ICP-MS at the UC Davis Interdisciplinary Center for Plasma Mass Spectrometry. Samples were crushed by hand using a steel mortar and pestle; rhyolite samples were leached with 1 N HCl to remove surface impurities, while all other samples were leached with 6 N HCl. Leaching was conducted by adding ~10 mL of the leaching acid and sonicating for 20 min, then removing the acid, and repeating the process until post-sonicating acid remained clear and colorless. To check that leaching did not affect the isotopic composition of the samples, BCR-2 standards were run in both leached and unleached forms; both samples yielded the same composition, indicating that the leaching process did not alter the chemistry of the samples to a significant degree. Samples were dissolved using a combination of hydrofluoric, nitric, hydrochloric, and boric acids, and then Hf was isolated using 0.95 mL Eichrom™ LN-spec resin following the column chemistry procedure described in Stelten et al. (2013) . The Hf collection split was dried down, brought up in 2 % HNO 3 , and introduced as a solution to the MC-ICP-MS using a desolvating nebulizer.
176 Hf/ 177 Hf isotopic ratios were calculated assuming CHUR = 0.282785 (Bouvier et al. 2008 
Results
U-230 Th age and trace element data
Zircons from each of the four eruptions yield a wide range of 238 U-230 Th model ages (Online Resource 1; Fig. 3 ). Kaharoa, Te Rere, and Rotoiti grains yield ages ranging from within error of eruption age to secular equilibrium (>350 ka); Whakatane grains range from within error of eruption age to ~130 ka. Surface analyses of 4 Page 6 of 18 zircons systematically yield younger ages than interiors. For instance, Kaharoa surface analyses yield ages between 0 and 20 ka (with the exception of one 58 ka grain), whereas interior analyses of Kaharoa zircons yield ages from ~10 ka to secular equilibrium; Whakatane zircons have surface ages of ~5-23 ka and interior ages of ~10 ka to 130 ka. Whakatane zircon growth also appears to be more punctuated than for Kaharoa, with multiple PDF peaks, although this may be an artifact of more limited number of analyses (Fig. 3) . Rotoiti zircon surfaces yield ages of ~45-60 ka, and zircon interiors yield ages from ~45 ka to secular equilibrium. Te Rere zircon surfaces and interiors both yield ages ranging from eruption age to secular equilibrium, but Te Rere surfaces display a peak at eruption age. Of the four eruptions, all except for the Te Rere contain zircons whose surface ages are statistically distinct from their interiors (as determined by Kolmogorov-Smirnov tests) (Online Resource 7).
We also analyzed trace element variability between the surfaces and interiors of zircons from all four eruptions. (Charlier et al. 2003) . No whole-rock data were found for Te Rere, so Rotoiti ( Zircons from the Kaharoa and Rotoiti eruptions have interiors that record a wide range of trace element concentrations, whereas their surfaces record significantly more chemically restricted and evolved compositions (e.g., lower Ti and Eu/Eu*, higher REE) (Fig. 4) , as measured by the fact that the standard deviations of the average concentrations of trace elements such as Hf, Y, and REE are much smaller in zircon surfaces than they are in their interiors (Online Resource 2). Conversely, the Whakatane and Te Rere zircon populations do not show a notable difference in trace element concentrations between their surfaces and interiors. Several trace elements (including Ti, Hf, and U) do not show any statistically significant variation between their surfaces and interiors, whereas trace elements (such as REE) that do have statistically more restricted concentrations in their surfaces than in their interiors do so to a lesser extent than the Kaharoa and Rotoiti zircons (i.e., there is a smaller difference between the standard deviations of the surfaces and interiors). Finally, zircons from all eruptions display variation in trace element compositions both over time and at a given time (Fig. 5) . Although all eruptions record an increase in trace element variation after ca. 60-ka, Kaharoa and Whakatane zircons record an additional period of heterogeneity reflected in the notable increase in Ti and REE occurring between 40 and 20 ka ( Eu/Eu* versus Ti (ppm) for zircon surfaces, interiors, and interior 'rims' from each eruption. Ce/Ce* also follows this trend, but is not shown. Errors are conservatively estimated at 20 % for Eu/Eu* and 10 % for Ti. Kaharoa and Rotoiti surface trace element compositions are both more evolved and more restricted in range than Whakatane and Te Rere surfaces. Interior 'rim' spots represent SHRIMP-RG trace element spots placed on the outermost region of a polished crystal interior (Fig. 2) ; these points span a wider range in the trace element compositions than do unpolished surface analyses. Data come only from one compositional unit from each eruption, with the exception of the Kaharoa eruption: all surface data are from the 'T2' unit (Nairn et al. 2004 ), but some interior data points are from T1 and T1 + 2 units. However, removing points from T1 and T1 + 2 units makes no difference in plotted trends 1 3 4 Page 8 of 18 error is shown here as 6 ppm, an average of the errors calculated for Yb/Gd ratios. c Age (ka) versus U/Th. Errors on ratios are calculated assuming a conservative error of 10 % on both U and Th. Typical 2σ error is shown here as 0.2 ppm, an average of the errors calculated for U/Th ratios Considered collectively, these data show an apparent trend in which zircons older than ca. 45 ka (the time of the Rotoiti eruption) define a narrower range of ε Hf values (approximately +4 to +6 ε Hf units) than do younger zircons. We calculated mean square weighted deviation (MSWD) values for pre-and post-Rotoiti zircons to determine whether this increase in heterogeneity is statistically robust (Online Resources 5 and 7). MSWD calculations compare the degree of scatter in a population to that expected for a random sample, given the number of analyses coupled with their analytical uncertainties. Regardless of whether pre-or post-Rotoiti zircon populations are defined by zircons' minimum or maximum age values, and regardless of whether the standard error assigned to each analysis is the analytical uncertainty or the greater of the analytical and reproducibility uncertainties, there is a significant statistical difference between (1) the MSWD values of the standards and the unknown zircons, and (2) the pre-and post-Rotoiti zircons (Online Resource 5). This observed increase in heterogeneity ca. 50-60 ka is thus supported by the fact that older zircons as a population have much greater MSWD values (and therefore much more scatter compared to that expected from the analytical uncertainty) than does the population of younger zircons.
Zircon Hf isotopic data
Obtaining Hf isotopic data from both surfaces and interiors within single grains often proved to be difficult given the small size of the OVC zircons (typically ≤150-200 µm long and ~50 µm wide) compared to the relatively large diameter and depth of the laser pit (~53 µm wide and ~25 µm deep) (Tollstrup et al. 2012 ). Due to variable grain size and depth of polishing, some grain "interiors" were too thin to provide enough material for a complete analysis; therefore, it is only possible to assess inter-grain variability within the one Kaharoa zircon, 5 Rotoiti zircons, and 1 Te Rere zircon for which we have data from both the surface and interior. Six of the seven grains with multiple analyses yielded surface and interior values within error of each other. The Kaharoa zircon was the only grain in which surface and interior ε Hf values were outside of 2σ uncertainty of each other (by 0.1 ε Hf units). Notably, the larger sampling volume for the Hf analyses compared to the size of the grains also means that the measured ε Hf values average a significant fraction of the radius, and therefore the growth history, of the zircons. Therefore, the measured range is a minimum for the true variation in ε Hf during crystallization.
Whole-rock Hf isotopic data
Hf isotopic compositions of whole rocks were analyzed for all OVC rhyolites, as well as for samples representing potential end-members involved in the generation of these rhyolitic melts (Online Resource 6; Fig. 7 ). These endmembers include several basalts erupted from the OVC, two greywacke samples representing the meta-sedimentary basement underlying the TVZ (Graham et al. 1992) , and a series of older rhyolites from the TVZ. The Kaharoa rhyolites yield a range of ε Hf = 5.13-5.54 for four samples of three different compositional units. This range of values is within error of the value of the Whakatane and Te Rere whole-rock samples (ε Hf = 5.11 and 5.05, respectively). The Rotoiti rhyolite yielded a whole-rock value of ε Hf = 6.52. Basalts yielded a range of ε Hf = 6.53-7.66, whereas greywacke samples displayed a wider range of ε Hf = -1.87 to +2.89.
Whole-rock data were used to (1) identify the compositions of potential end-members involved in the generation of OVC rhyolites and (2) constrain the proportion of each component involved in rhyolite generation. To constrain the isotopically juvenile end-member(s) involved in generating rhyolites, we analyzed three OVC basalts, one of which erupted concurrently with the 22.6-ka Okareka rhyolite and two of which erupted independently of rhyolite. These three basalts yielded values (ε Hf = 6.53-7.66) that overlapped with (and were in some cases more isotopically enriched than) a significant portion of the zircon values. Because knowledge of the sediment flux from the subducting slab and its effects on the isotopic composition of resulting melts is poorly constrained, it is unclear whether these isotopic values suggest that these basalts were crustally contaminated on their way to the surface, as has previously been suggested (i.e., Gamble et al. 1993) . To account for this possibility, we also considered data from basalts of the Kermadec Ridge (the offshore extension of the TVZ), which have ε Hf = 9.6-14.3 (Todd et al. 2012 ) which may represent an uncontaminated primitive end-member. In order to constrain the enriched (crustal) isotopic endmember, we analyzed two samples of greywacke from the meta-sedimentary basement at the TVZ. The TVZ basement comprises two distinct terranes-the Torlesse and Waipapa-and our samples likely belong to the isotopically heterogeneous Waipapa terrane (McCulloch et al. 1994 ). The two samples yielded values of −1.87 and +2.89.
Assuming that erupted rhyolites represent the product of mixing between an isotopically depleted component and an isotopically enriched component, we attempted to use a simple mixing model to determine the proportions Th ages is shown; age errors for each data point are similar to those shown in Fig. 5 . Relatively large age uncertainties make it difficult to constrain when exactly an increase in isotopic diversity occurred. Each ε Hf value is plotted with a 2σ error that is either its analytical uncertainty or the measure of the reproducibility of a given day's zircon standards (see text for more information). Rotoiti analyses are shown as interiors and surfaces to show the minor increase in ε Hf values recorded in the surfaces prior to eruption. Ranges of whole-rock ε Hf values for each eruption (including 2σ error) are shown as shaded bars. b ε Hf values of hypothesized end-members involved in generating OVC rhyolites, as well as ranges of Hf isotopic values spanned by the OVC glasses and zircons from the four rhyolites discussed in this paper (individual points for wholerock samples are shown within ranges; ranges are defined by minimum and maximum values at the 2σ error level). Whole-rock isotopic values for the OVC glasses also include analyses of each of the Kaharoa compositional units. Values for offshore basalts come from Todd et al. (2012) ; all other data were collected in this study as described in the text. Despite the relatively restricted isotopic range encompassed by the four eruptions' glasses, the OVC zircon range overlaps the Hf isotopic values of both the pure crustal and pure basaltic end-members Page 11 of 18 4 of each component involved in generating observed OVC glass and zircon isotopic compositions. Due to the fact that OVC zircons record Hf isotopic compositions as extreme as all potential end-members considered here, suggesting that some melts at the OVC sampled by the zircons could have been derived directly from any combination of these end-members (including complete derivation from a single end-member), detailed results of this mixing model are not presented here. Despite this significant isotopic heterogeneity, it is possible to generate both average zircon values and the average OVC glass composition by mixing roughly 25 % of a crustal end-member with 75 % of a mantle-derived end-member, suggesting that while our mixing proportions may vary, they are broadly consistent with previous models.
Discussion
Zircons can faithfully record the geochemical and isotopic compositions of the melts from which they crystallize (Claiborne et al. 2010b; Reid et al. 2011 ). Therefore, analyzing zircons of varying age from a single eruption can reveal how an individual body of melt evolved over time, and analyzing zircons from multiple eruptions can provide information about processes occurring across larger regions of the reservoir. The trace element heterogeneity and zircon model-age spectra observed in intra-grain analyses of zircons suggest that OVC melts were likely extracted from a crystal mush, as has previously been hypothesized for this system (e.g., Deering et al. 2011; Storm et al. 2011; Charlier and Wilson 2010; Charlier 2005) and others (e.g., Yellowstone, Stelten et al. 2015; Mt. St. Helens, Claiborne et al. 2010a ). However, we can further refine this conceptual model of the magma reservoir using three new lines of evidence: First, comparison of zircon surface and interior trace element data suggest that the timescales over which melt was extracted and stored prior to being erupted varied between eruptions from the same caldera system; second, Hf isotopic diversity in zircon shows that the mixing of mantle-and crustal-derived magmas occurs in the shallow reservoir; and third, zircon trace element is combined with Hf isotopic variations over time in the reservoir as a whole test and supports the idea of major structural reorganization of the reservoir following caldera collapse at 45 ka.
Processes and timescales of erupted magma body assembly
A comparison of changes in trace element compositions between zircon interiors and surfaces can reveal secular changes in melt chemistry throughout the existence of a single zircon crystal (e.g., Stelten et al. 2015) . Therefore, by analyzing multiple zircon crystals from a single eruption, we can track the evolution over time of regions of melt that eventually became a single body of magma. Zircons from all four eruptions have interiors that span a wide range of chemical concentrations and similar ranges in age, with zircon age spectra for each eruption recording an interior age mode at least 10 kyr older than its eruption age, and each including at least one zircon crystal that records a crystallization age ≥130 ka. These data suggest that melts erupted during the past 45 kyr at the OVC consistently sourced crystals derived from a long-lived part of the magma reservoir. The age data also indicate that during a period of relative quiescence of eruptions during the ~150 kyr prior to the Rotoiti eruption (Cole et al. 2014 ), zircon crystallization was still occurring throughout the OVC. This suggests that each subsequent eruption sampled magmas that underwent crystallization and long-term storage within a chemically heterogeneous magma reservoir likely of dacitic to rhyodacitic mush . Long crystallization hiatuses between adjacent zones within individual zircons suggest that this reservoir may have existed in a mush-like state for much of its existence (e.g., Huber et al. 2009; Storm et al. 2014 ). However, differences in the diversity of compositions of zircon surfaces compared to interiors from each eruption suggest that, while all rhyolites were extracted from this long-lived mush, erupted units varied in the amount of time that elapsed between extraction and eruption.
The Kaharoa and Rotoiti zircon populations each show a distinct interior-to-surface evolution in which zircon surfaces are younger than interiors (both in terms of the mode of ages and the oldest ages), and surfaces also yield a range of trace element compositions that is both more restricted and more chemically evolved than that of interiors. These evolved compositions are indicated by uniformly low Eu/ Eu* and Ti concentrations in surface analyses compared to their interiors (Fig. 4) . The simplest way to explain this pattern of data is through a model of storage and extraction of liquid from a crystal mush. In this model, zircon crystals are formed and stored for an extended period of time within a chemically heterogeneous mush that is too crystalline to easily erupt. During the extraction and segregation of buoyant melt, zircon crystals are small enough to be carried within the migrating melt (e.g., Claiborne et al. 2010b) . The resulting relatively crystal-poor melt is able to efficiently convect and homogenize during shallow storage as a coherent magma body prior to erupting. However, multiple bodies of homogenized melt may then be erupted as compositional units within the same eruption, for example the three distinct magma compositions within the Kaharoa eruption (defined on the basis of whole-rock chemistry and crystal content [Nairn et al. 2004] ) and the two 4 Page 12 of 18 distinct compositions within the Rotoiti eruption (Schmitz and Smith 2004) . This process accounts for the heterogeneity of the zircon interiors (which crystallized throughout the chemically diverse reservoir at different times) and their more chemically restricted surfaces (which crystallized within the amalgamated and homogenized melt prior to eruption). It also explains the observed pattern in which surfaces are more compositionally evolved than their interiors (i.e., lower REE and Eu/Eu*), as final crystallization would be occurring in a body of more evolved, high-Si extracted melt. One caveat to this model is that we only present zircon surface data for one compositional unit of the Kaharoa and Rotoiti eruptions, and thus we can only hypothesize that each compositional unit within a given eruption underwent the same pre-eruptive processes of extraction and homogenization.
The Whakatane and Te Rere rhyolites appear to have undergone a similar process of melt extraction and amalgamation as the Kaharoa and Rotoiti rhyolites, but this may have occurred on a different timescale. Unlike the Rotoiti and Kaharoa rhyolites, in which zircon surfaces display a more restricted range of trace element concentrations than their interiors, there is no clear distinction between the range of trace element concentrations in the surfaces and interiors of the Te Rere and Whakatane zircons (with the exception of a larger range in Y and REE concentrations observed in ~20-40 ka Whakatane interiors). Therefore, these heterogeneous zircon surface data argue against a final period of crystal growth within homogenized melt bodies. Whakatane surfaces do have slightly higher U/Th ratios and lower Ti concentrations (and Ti-in-zircon temperatures) than their interiors. High U/Th in zircons from both the TVZ and other silicic systems has been interpreted as a signature of high crystallinity (e.g., Miller and Wooden 2004; Storm et al. 2012) . If the last period of recorded growth in the Te Rere and Whakatane magma reservoirs occurred in a region of high crystallinity and relatively low temperature (Ti-in-zircon temperatures for surfaces yield values of 650-750 °C, compared to interior temperatures of 700-900 °C), two possibilities could explain the data. (1) Te Rere/Whakatane zircons resided in a higher-temperature, dacitic crystal-rich mush for an extended time prior to eruption were extracted very rapidly and erupted before being able to crystallize new surfaces, or (2) Te Rere/ Whakatane zircons were transported from a crystalline mush to a body of eruptible melt that was zircon-undersaturated and resided for a brief amount of time (see below) before eruption. It is difficult to definitively determine which process occurred; however, nearly all observed OVC zircons are euhedral and lack incipient resorption textures, and zircon saturation temperatures of 780 °C for Whakatane and 785 °C for Te Rere (calculated using the model of Harrison and Watson 1983) would suggest that zircons recording temperatures of 650-750 °C would not have been at risk of dissolving. We therefore propose that the most likely scenario is that the Te Rere and Whakatane zircons initially grew in a crystal-rich mush (as did the Kaharoa and Rotoiti zircons) and were then extracted and erupted without spending a significant amount of time (relative to crystal growth rates) in a chemically homogeneous melt. Because these zircons do not have chemically homogeneous surfaces, this scenario would require the zircons' residence time in a pre-eruptive melt to be less than the amount of time it would take to crystallize a ~1-µm-thick rim (which would be detectable by the ~1-µm-deep SHRIMP-RG trace element analytical pit). Previous estimates of growth rates for Kaharoa zircons indicate that a 3-µm-thick rim could have crystallized in ~3-10 ka, which suggests that old surface ages are not analytical artifacts . Because the Whakatane melt is similar to the Kaharoa melt with respect to all factors that are likely to affect zircon growth/dissolution rates (e.g., temperature, Zr content, and H 2 O content) (Kobayashi et al. 2005) , Whakatane zircons would likely have similar growth rates. Therefore, the Whakatane zircons could not have spent longer than ~3-10 kyr (and likely at least a factor of three less) in a body of homogenized eruptible melt prior to eruption. This contrasts with the Kaharoa zircons, which had time to crystallize measurable (i.e., >1-µm-thick) chemically restricted surfaces after magma amalgamation and homogenization. Even if the Whakatane and Te Rere zircons instead were subjected to a reheating event that removed an unknown amount of the outermost crystal growth, the difference in zircon trace element patterns would still suggest the presence of different pre-eruptive timescales operating between the two vent zones of the OVC.
Processes and timescales of reservoir-scale magma generation and storage
Examining changes in the chemical and isotopic compositions of zircons from multiple eruptions can reveal how processes of melt generation and storage vary throughout time and space at the reservoir scale. Specifically, zircon data from all eruptions indicate that geochemical and isotopic diversity increased just prior to and following the Rotoiti eruption ca. 45 ka, likely as a result of major structural reorganization following caldera collapse.
Considered collectively, geochemical heterogeneity in OVC zircons increases after ~60 ka, just prior to (or within error of) the Rotoiti eruption, with the most significant increase in geochemical diversity occurring shortly after the Rotoiti eruption (ca. 20-40 ka). Zircons older than ~60 ka display a range of both trace element concentrations (i.e., Ti, Y, REE) and ratios (i.e., Y/P, U/Th) that, while still significant compared to analytical uncertainty, is limited compared to that of younger zircons (Fig. 5) . For example, concentrations of a wide range of trace elements (including Ti, Y, REE, Hf, U, and Th) in zircons from the Rotoiti, Whakatane, and Kaharoa eruptions yield a larger standard deviation for zircon spots younger than 45 ka than they do in zircon spots older than 45 ka (Online Resource 2). The Te Rere zircons display this trend for some of the REE as well as a handful of other trace elements, but not many; this may be due to the relatively small number of pre-Rotoiti grains (n = 5) present relative to post-Rotoiti grains (n = 17) within this eruption (Online Resource 2). However, in order to look at secular patterns that may be present at the scale of the entire system, it is most appropriate to consider all zircon data together. Zircons crystallizing after 45 ka (considered as a single population) yield standard deviations for individual trace elements that are higher (generally by a factor of 1.5-5, depending on the element) than zircons crystallizing before 45 ka, thus suggesting that this reservoir-wide increase in geochemical heterogeneity is statistically significant.
Although this increase in trace element heterogeneity post-Rotoiti eruption has been noted before (Storm et al. 2014) , the lack of well-established trace element partition coefficients for zircon, as well as the difficulty of constraining a given parental melt composition for each crystal, makes it challenging to determine what process may be responsible for these chemically diverse zircons. This increase in geochemical heterogeneity, though previously attributed to differing temperature and oxidation conditions in the source mush rather than the influx of new, more primitive magmas (i.e., Klemetti et al. 2011; Storm et al. 2012 Storm et al. , 2014 , could in theory be the result of disequilibrium crystallization or kinetic effects during crystallization rather than recording signatures of new melt compositions. Three points are relevant in considering trace element data in the context of our other data and our conclusions: (1) the increase in trace element diversity is concurrent with an increase in isotopic diversity (see below), which cannot be a result of kinetic effects; (2) while the absolute concentrations of some trace elements increase at this time, there is not nearly as dramatic a change in the trace element ratios (Fig. 5) ; (3) the fact that zircons record highly diverse trace element concentrations at the same time indicates that either melts of different compositions are present or factors controlling kinetic effects vary over space, suggesting a lack of physical interconnectedness within the system. In particular, the first point allows us to test the previous interpretation that trace element data reflect changes in melt composition. Based on the Hf isotopic heterogeneity that we observe, we suggest that compositional differences in the local melts from which the zircons crystallized are in fact the primary control on trace element compositions. However, regardless of whether kinetic effects played a role in zircon compositions, the presence of greater geochemical heterogeneity within the system after the Rotoiti eruption compared to prior to the Rotoiti eruption indicates that the OVC magma reservoir as a whole underwent changes in either the diversity of compositions entering the shallow reservoir or in the effectiveness of homogenization of equally diverse input compositions.
Using Hf isotopic data to understand this magmatic system (Fig. 7) is therefore useful for two reasons: First, whereas trace element partitioning into zircon is poorly constrained, isotopic ratios recorded in zircon (in this case, of 176 Hf/ 177 Hf) are not affected by changes in partitioning and thus represent an unambiguous record of the isotopic composition of the melt from which zircons crystallized; and second, changes in the isotopic composition of a melt can be more directly linked to changes in melt source (i.e., enriched crust vs. depleted mantle). The increase in isotopic diversity throughout the OVC following the Rotoiti eruption is more dramatic than the increase in trace element heterogeneity (Fig. 7) . While trace elements and Hf isotopic data both record an increase in heterogeneity, the much larger volume sampled by the Hf LA-MC-ICPMS analyses makes it challenging to observe interior-to-surface trends like those seen in the trace element data. However, the fact that zircons record significant diversity in Hf isotopic composition even when potentially averaging out multiple isotopically distinct zones in a single grain suggests that we are, if anything, underestimating the degree of isotopic heterogeneity in the melts present within the system, making our conclusions more robust.
The wide range of post-45-ka zircon ε Hf values is significant both because it encompasses a wider range of ε Hf values than is seen in the whole-rock data and also because a large range of ε Hf values is seen in coeval zircons. The four eruptions' whole-rock values encompass a narrow range, with three of the four (Kaharoa, Whakatane, and Te Rere) yielding ε Hf values within error of each other (ε Hf ~5.0-5.5) and the Rotoiti eruption yielding a slightly higher whole-rock ε Hf value of 6.5. Four to twelve zircons from each eruption yield ε Hf values outside of (2σ) error of their whole-rock values, indicating that zircon Hf isotopic data preserve a record of larger melt compositional heterogeneity that is preserved in whole-rock analyses. Coeval zircons record ε Hf extending from values consistent with derivation entirely from local crust to those consistent with direct differentiates of local basalt (Fig. 7) . The widest range of ε Hf values in coeval zircon is present only in zircons younger than ~50 ka, suggesting that: (1) events immediately prior to and/or during the Rotoiti eruption either triggered a change in the ε Hf diversity of the melts entering the shallow system or triggered a change in the extent to which these melts were homogenized within the regions sampled by zircon (see below), and (2) melt compositions (i.e., the proportions and/or compositions of one or both end-member components) in the 4 Page 14 of 18 post-Rotoiti system vary spatially within a complex magma reservoir, with zircons recording the presence of isotopically distinct melts (composed of both nearly-crustal and nearlybasaltic values) within the reservoir at the same time. The presence of zircons with ε Hf values nearly identical to those of the hypothesized crustal and enriched juvenile isotopic end-members suggests that some regions of melt within the magma reservoir were formed dominantly by melting small regions of crust or dominantly by fractionating from a more isotopically juvenile magma, and that the resulting small melt pockets were physically discrete for long enough to crystallize zircons before being assimilated into a larger body. Therefore, the mixing of crustal-derived and mantle-derived melts that produced the average magma composition must have happened within the upper-crustal magma reservoir rather than being inherited from some deeper reservoir.
Implications for the structure of the magma reservoir and changes over time
Other work at the TVZ has documented changes in zircon trace element diversity, as well as changes in eruptive activity and frequency, following the Rotoiti eruption (e.g., Klemetti et al. 2011; Smith et al. 2005; Storm et al. 2014 ), but our new Hf isotopic data remove ambiguity as to whether these trace element variations reflect changes in melt composition or changes in kinetic factors affecting zircon growth. Trace element patterns in post-45-ka zircons seen in our and others' data show evidence of: (1) zircons of different isotopic and trace element composition crystallizing at the same time (Fig. 5) , and (2) zircons recording sporadic and discontinuous growth, with some crystals featuring long hiatuses not seen in other crystals and many crystallization episodes that cannot be correlated to a specific eruption (Storm et al. 2014) . However, although these changes have been attributed to broad 'reorganization' of the post-caldera magma reservoir (Storm et al. 2014 ), they have not previously been linked to any specific physical changes in the OVC reservoir system. Our data enhance previous models of post-caldera changes within the TVZ by linking trace element data with new zircon Hf isotopic data, providing a more nuanced view of these changes.
In our model (Fig. 8) , increases in Hf isotopic (and trace element) diversity are first recorded in Rotoiti   Fig. 8 Schematic diagram detailing changes in the structure of the magma reservoir prior to and following the Rotoiti eruption. a Prior to the Rotoiti eruption (>45 ka), magma within the reservoir is formed by mixing volumetrically dominant mantle-derived melts with minor crustal-derived melts. Mixing occurs relatively rapidly once these melts enter the reservoir, causing most zircons to record crystallization in isotopically homogenized melt (see inset). b Following the Rotoiti eruption (<45 ka), magma is generated using the same mechanisms and proportions of end-members, but the isotopically heterogeneous melts remain isolated for long enough to crystallize isotopically heterogeneous zircons (see inset). These interpretations are also supported by zircon trace element patterns which suggest derivation from a chemically heterogeneous reservoir, with final crystallization occurring in a more chemically restricted melt surface analyses. Prior to the Rotoiti eruption, most zircons yielded ε Hf values within error of each other and close to the whole-rock compositions seen after 45 ka; eight Rotoiti interior spots older than 45 ka yield ε Hf values within error of the Kaharoa, Whakatane, and Te Rere whole-rock ε Hf values but outside of error of the Rotoiti whole-rock ε Hf value. Thus, zircons from the pre-eruptive Rotoiti magma reservoir likely reflect a regime of crystallization in a relatively homogeneous system in which small batches of isotopically distinct melt entering the reservoir were rapidly homogenized at the scale of the reservoir. However, the Rotoiti whole-rock value is significantly higher than those of the other three eruptions, likely due to a final influx of melt prior to the Rotoiti eruption that appears to have been higher in ε Hf than subsequent eruptions. This influx may have triggered melt extraction and rapid homogenization prior to crystallization of Rotoiti zircon surfaces (which have higher ε Hf values than Rotoiti interiors and are within error of their whole-rock ε Hf value) and eruption. After this initial increase in ε Hf , zircons from other eruptions younger than the Rotoiti eruption yield a wider range of ε Hf values than is seen prior to 45 ka.
This increased variation in zircon ε Hf values following the Rotoiti eruption, despite the limited range defined by post-Rotoiti rhyolitic whole-rock ε Hf values, can be linked either to changes in the compositions (and/or proportions) of end-members being used to generate melts or to changes in mixing processes occurring during magma storage. We call upon the latter mechanism (broad-scale changes in melt storage processes) because ε Hf values of zircon both higher and lower than the pre-caldera values are observed following the caldera collapse, ruling out the introduction of a single new component or a systematic change in the proportion of isotopically enriched and depleted components. In this scenario, pre-Rotoiti melts were generated from similar proportions of isotopically diverse end-members (although they were predominantly differentiates of more depleted, mantle-derived melts, consistent with the whole-rock Hf data and other previous estimates of mixing proportions based on other isotopic systems; Deering et al. 2008; McCulloch et al. 1994; Rooney and Deering 2013) , but these melts were amalgamated and homogenized before significant growth of zircon crystals occurred as sampled by the zircon interiors. The presence of zircons in the Rotoiti eruption with higher ε Hf values on their surfaces than their interiors may be due to an increase in more primitive melt (i.e., differentiates of relatively depleted mafic parents) entering the system shortly before the final batches of melt were extracted and erupted. Following the Rotoiti eruption, similar proportions of crustal-and mantlederived melts entered the system, but these small batches of melt remained physically distinct long enough for zircons to crystallize and record their host melts' diverse isotopic compositions.
The patterns in trace elements and Hf isotopic data seen here as well as trace element data from other studies (e.g., Klemetti et al. 2011; Storm et al. 2014) suggest that magma within the post-Rotoiti magmatic system is less effectively interconnected than it was prior to the caldera collapse. We speculate that this less-effective homogenization may be linked to a decrease in thermal and mass flux into the system. The observation that some chemically and/or isotopically distinct regions of the magma reservoir are undergoing crystallization while other coeval zircons do not record any growth suggests that different parts of the reservoir are experiencing different amounts of thermal input at the same time. This lack of consistent heat input throughout the system may limit the extent to which homogenization can take place on a reservoir-wide scale. These interpretations are further supported by the observation that post-Rotoiti magmas have recorded increasingly shallower and cooler signatures following the caldera collapse episode, suggesting a decrease in the amount of heat fueling the system . The hypothesized increased rate of extension at the OVC following the Rotoiti eruption ) is likely responsible for this secular progression of melts to shallower depths and cooler temperatures as is recorded in the post-caldera rhyolites. We suggest that this decrease in heat input and increased spatial variation in thermal input has created a state of poor interconnectedness in the OVC magma reservoir. This lack of widespread homogenization of melt within the reservoir can explain not only how individual melt pockets and crystals are able to remain isolated for long periods of time during growth of zircon interiors, but also why post-Rotoiti magmatic activity has been segregated along two linear vent zones. These linear vent zones are oriented perpendicular to the dominant extensional direction of the region, suggesting that kilometer-scale differences in processes of melt extraction and amalgamation between the two vent zones may be linked to tectonic factors .
While it is possible to quantify and/or limit the amount of time these crystals would need to spend in a small body of melt in order to record its isotopic composition, it is less straightforward to determine what processes may be occurring between crystallization and melt extractioni.e., whether these melts are being homogenized within the interstitial liquid in a mush or as bodies of extracted liquid. Regardless, the compositional changes seen following the caldera collapse indicate that: (1) isotopically diverse melts are being generated in a system in which they remain physically isolated for longer periods of time than pre-Rotoiti melts, and (2) variations in geochemical signatures between rhyolites from two distinct vent zones argue against largescale interconnectedness within the magma reservoir at the 4 Page 16 of 18 present day. If the OVC is analogous to other large, silicic volcanic centers, this could suggest that one requirement for producing large caldera-forming eruptions is that of a suitably large, interconnected magma reservoir with a high heat flux. This would imply that the time needed to prime a system for a supervolcanic eruption may be limited by the extent to which flux of heat and/or volatiles can become more widely distributed throughout a magmatic system. Isotopic changes following caldera collapse events have been observed at other large, silicic volcanic centers. For example, at the Yellowstone Volcanic Center, caldera collapse is typically followed by an increase in more enriched (i.e., more 'crustal') isotopic values interpreted to reflect assimilation of roof rocks (Hildreth et al. 1991) ; at Long Valley Caldera, post-caldera activity is characterized by an increase in depleted mantle signatures recorded by zircons crystallizing in isotopically depleted melts prior to crustal assimilation (Simon et al. 2014) . In both of these cases, melts gradually cycled back to their original pre-caldera values on timescales of several hundreds of thousands of years. One significant difference is that these cycles have been observed as occurring multiple times on timescales of up to ~2.5 Myr, significantly longer than the ~45-ka postcaldera timeline studied here at the OVC. The fact that the secular variations observed at the OVC are occurring on much shorter timescales than those seen at other large, silicic volcanic centers suggests that we may be capturing immediate post-caldera activity at unprecedentedly high resolution, and that long-term isotopic trends seen at other systems may be obscuring this initial heterogeneity. While we do not have data from previous caldera cycles within the OVC, it seems that the amount of time between caldera-forming episodes at the OVC (at least 150 kyr), along with even longer timescales of isotopic evolution between caldera-forming eruptions at systems like Yellowstone and Long Valley Caldera, suggest that periods on the order of at least 150 kyr could be necessary to produce the conditions in a reservoir necessary to generate very large silicic eruptions, although the timescale of the final extraction and amalgamation of a caldera-forming melt body could be substantially shorter, on the order of decades to centuries (e.g., Druitt et al. 2012; Allan et al. 2013) .
Understanding changes in magma generation and storage following the Rotoiti eruption is of particular interest given that Rotoiti was a large, caldera-forming eruption which ended a significant hiatus in volcanic activity at the OVC and began a new period of frequent volcanic eruptions. Trace element and isotopic trends indicate that although the Rotoiti eruption was the most voluminous OVC eruption of the past 180 kyr, it was remarkably well homogenized. Subsequent smaller eruptions yield more chemical and isotopic heterogeneity both within single eruptions and between eruptions from distinct vent zones, although individual melt bodies within single eruptions are homogenized. While these data serve as the framework for a coherent model of magma reservoir evolution, further work is needed to determine whether these processes and timescales of melt generation and storage are consistent over a broader temporal and spatial scale at the TVZ.
Conclusions
The combination of 238 U-230 Th ages, trace elements, and Hf isotopic composition data on the same spatial scale in zircons is a more powerful tool than whole-rock analyses or any one of these techniques on its own. At the OVC, zircons erupted from four rhyolites over a 45-kyr period record continuous crystallization and residence in a longlived magmatic system from ca. 200 ka until the present, even during eruptive hiatuses. These zircons contain interiors with diverse trace element compositions, suggesting derivation from a long-lived and chemically diverse reservoir. Zircon surfaces in the Kaharoa and Rotoiti eruptions display chemically restricted, highly evolved compositions, whereas the Whakatane and Te Rere zircons do not. These contrasting patterns suggest differences in the timescales of melt extraction and amalgamation prior to eruption at different linear vent zones within the same volcanic center. Additionally, zircons formed just before, and following, the Rotoiti eruption yield more trace element diversity than those formed prior to ~60 ka. Hafnium isotopic diversity in zircons at a given time also increases after the Rotoiti eruption, with a range of isotopic compositions increasing from ~4 ε Hf units to ~8 ε Hf units. This diversity of isotopic composition indicates that the final mixing of mantle-derived and crustal-derived magmas occurs within the shallow reservoir system. Furthermore, the increase in the preservation of small pockets of isotopically distinct melt is likely due not to a change in the proportion of chemically distinct melts entering the shallow OVC reservoir, but rather to a decrease in the ability of the OVC magma reservoir to adequately homogenize these diverse melt bodies prior to extraction and eruption. The increased segregation of isotopically distinct melt pockets after the Rotoiti eruption suggests a lack of interconnectedness in the magma reservoir. This change in reservoir behavior may result from changes in thermal flux and/ or tectonic factors, and, therefore, could have important implications for understanding the processes by which a magma reservoir is able to produce a caldera-forming eruption. While these conclusions may have significant implications for volcanic monitoring and hazards, further work is needed to better constrain the timescales over which rhyolitic volcanic centers are capable of generating massive quantities of magma.
